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Light microscopy has the advantage of permitting one to view objects in both liquid and vapor environments. However, its resolution is limited. So far, the only practical method of overcoming the wavelength resolution limit of the light microscope has been to build a microscope with magnetic or electrostatic lenses capable of focusing charged particles, for example, electrons (1), lithium ions (2), protons (3), various ions in the field ion microscope (4), or 14-1megaelectron volt nitrogen ions (5) . The use of charged particles, with their necessarily large scattering cross sections, requires that most of the beam path of the microscope be evacuated in order to prevent diffusion of the beam by gas scattering. In nearly all work with electron and ion microscopes it has been customary to I NOVEMBER 1974 Light microscopy has the advantage of permitting one to view objects in both liquid and vapor environments. However, its resolution is limited. So far, the only practical method of overcoming the wavelength resolution limit of the light microscope has been to build a microscope with magnetic or electrostatic lenses capable of focusing charged particles, for example, electrons (1), lithium ions (2), protons (3), various ions in the field ion microscope (4), or 14-1megaelectron volt nitrogen ions (5) . The use of charged particles, with their necessarily large scattering cross sections, requires that most of the beam path of the microscope be evacuated in order to prevent diffusion of the beam by gas scattering. In nearly all work with electron and ion microscopes it has been customary to I NOVEMBER 1974 place the specimen itself directly in the microscope vacuum, and only a few attempts have been made to isolate the specimen from the microscope vacuum.
One possible solution would be to build a short-wavelength microscope that uses neutral particles, for exampIe, neutrons (6), or electromagnetic radiatioll such as x-rays (7). Various point projection and curved mirror lens systems (7, 8) for x-rays and neutrons have been devised, but the resolution achieved so far has been no better than that of the light microscope.
In this article r consider to what degree the electron microscope allows the viewing of structures immersed in gas and liquid. Past work and recent advances will be reviewed. The main point to be made is that the routine operation of differentially pumped elecplace the specimen itself directly in the microscope vacuum, and only a few attempts have been made to isolate the specimen from the microscope vacuum.
In this article r consider to what degree the electron microscope allows the viewing of structures immersed in gas and liquid. Past work and recent advances will be reviewed. The main point to be made is that the routine operation of differentially pumped elec-
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Structure of Wet Specimens in Electron Microscopy
Improved environmental chambers make it possible to examine wet specimens easily. (9) are not yet complete. Reported HV1iM results on whole wet cells (10, 11) indicate that conversion of present-day 1-and 3-Mv IIVSM's to the scanning mode is required to penetrate the nucleus and cell cytoplasm of cells. Converted scanning IIVEM's will have sufficient resolution for the initial pllases of the wet cell electron microscope work, but eventually the application o£ field emission scanning HVEM's (Z2) will be necessary to give higher resolution. Field emission requires a vacuum of 10-1° torr at the gun. Such a low pressure will be difficult to obtain with the use of diSerentially pumped envirorlmental chambers, and chambers closed by film windows are indicated in this case.
The theory and practice of operatiorl of the different types of environmental 408 chambers have already been extensively reviewed (13, 14). HereS I will lEocus on applications after briefly describing the principles involved.
Pri,nciple of the Thin Film
Window Chamber
The manner in which the specitnen, in equilibrium with liquid and vapor is isolated from the microscope vacullm by thin windows is illustrated in Fig. 1 The electron beam penetrates the upper window, the gas space, the wet specimen, alld the lower WilldOW in that order. For ease of obtained thermodynamic equilibrium, the liquid reservoir is placed inside the chamber. One may check the equilibrium by comparing the chamber pressure indicated by the manometer with that expectejd for the vapor alone at the temperature indicated by the specimen thermocouple An additional mixed gas atmosphere can then be added as required. In general, the inside height of the chamber, depending on the acceleration voltage and the amount of loss of resolution due to gas scattering that can be tolerated, will be 1 to t 0 millimeters. High-resolution chambers require careful d,esigning and exact machining if the height of the chamber and the gas path are to be reduced to less than 1 mm.
Specimens are p;repared in a glove ment, into air (29). It is fortunate that this principle can be carried over to the electron microscope. The small size of the aperture required (about 100 um) to maintain full gas pressure is not so small as to lead to difficulties in the alignment of apertures, blockage by dirt, or the introduction of excessive astigmatism. Experience has shown that, once a differentially pumped chamber has been set up, large numbers of specimens can be rapidly examined. The general arrangement is shown in Fig. 2 . The inner chamber in this design is closed by two 100-,um apertures instead of thin films and is connected to a liquid reservoir, gas supply, and manometer. The specimen rod has a traverse mechanism which allows the whole grid to be sSviewed9 by the electron beam passing through the apertures. The outer apertures have a size of 28)0 to 400 ,um and are set exactly in line with the two inner apertures. In the simplest arrangement (30), the four apertures are screwed to the movable part of the objective pole piece and a slight displacement of the pole piece is used to center it onto the beam. The gas escaping from the inner apertures is pumped out of the pole piece gap by a liquid nitrogen trap and mechanical pump. The remaining gas escapes from the outer apertures and is pumped away by the microscope vacuum system witb or without the aid of an additional small diffusion pump attached to the column. The pressure in the rest of the microscope column remains in the normat range. The two-compartment design, in conjunction with adequate pump speeds, ensures that there is no severe change in column pressure when air is admitted while a specimen is being changed. The wet specimen is prepared and inserted in the same way as for the thin fitm window environmental chamber. A detailed discussion of the gas flow rates and flow patterns through the parts of this system has already been given (13). Over the environmental pressure range of usual interest (a few torr to 760 torr), streaming of gas through the apertures does not occur. For 20 torr of water vapor, the mean free path of the water molecules is 1.7 ,um and a water molecule near the specimen would go through about 107 collisions before escaping from one of the 100-um apertures. These multiple molecular collisions (or turbulence) ensure that all parts of the specimen, even the part directly beneath the aperture, will be in equilibrium with the vapor and will not dry. A sensitive way of I NOVEMBER 1974 catalase crystals fully wet for more than 2 hours in the chamber. Nearly all crystals gave a diffraction pattern after this interval.
In a number of studies of gas reactions in the electron microscope a simple form of differential pumped chamber was used (32) The relative merits of the thin film window and differentially pumped types of environmentat chamber have already been discussed in detail (13), with respect to ease of operation and resolution loss due to the gas layer and scattering from the windows. Film window chambers involve less modification of the microscope and may be particularly indicated for the high-voltage microscope where thicker and stronger windows can be tolerated. However, scattering from the windows can mar images and diffraction patterns, and the windows can become opaque as a result of the accumulation of contamination on them. Chambers that require the windows to be assembled with the specimen in its holder and do not allow internal translation of the specimen with respect to the windows are inconvenient to use. testing whether wet material illuminated by the beam remains fully hydrated is based on the electron diffraction of wet catatase crystals (31) (Fig. 3) , which rapidly and irreversibly lose their ability to provide a diffraction pattern when the water vapor pressure is dropped more than 10 percent from the equilibrium (saturated ) value. The dynamically pumped chambers are more complicated to design and to construct but thereafter make it possible to rapidly view many specimens without interference by windows. The constant efflux of gas from the apertures also prevents ;'contamination" (carbon coating by the beam) of the specimen. Further experience will be required before the ultimate resolution of both types of chambers can be deternlined, but a resolution of better than 4.0 nm in the presence of 24 torr of water vapor has been observed at 200 kv for the JEM 200 differentially pumped chamber.
Electron Microscopy of Live Cells
In order to maintain cells alive in an electron microscope environmental chamber, they must be supplied with an adequate amount of nutrient medium, oxygen, carbon dioxide, and a sufficient total pressure to prevent bursting of the cells. The radiation damage of the electron beam must be kept sufficiently low to preserve the living processes under study. For useful imaging it is necessary for the cells and the water layer to be thin in relation to the electron penetration at the acceleration voltage used. The exposure time during photography must be made extremely short (possibly as short as 0.001 second) by the use of a time-controlled beam deflector in order to prevent blurring by Brownian motion of cell organelles. The optimal method of maintaining spread cells in a thin layer of medium and gas has not yet been worked out. The total pressure requirement to prevent bursting of cells or excessive gas bubble formation in the cytoplasm has to be adjusted for a gas composition that gives the least possible extraneous electron scattering; for example, the required oxygen and carbon dioxide pressures are kept at a minimum and helium is substituted for nitrogen. Problems associated with the accumulation of cell excretion products in a thin layer of liquid also need to SCIIDNCE, VOL. 186 be worked out (37). In the absence of such data, it must be recognized that all earlier work has been of a "look and see" nature, and negative results with respect to motile functions of cells such as growth and division may be the result of inadequate environmental conditions rather than of excessive radiation damage. At the medium level of resolution required to see cell movements it is possible to considerably reduce the usual level of radiation damage in electron microscopy either by the use of extrasensitive photographic emulsions (13, 38) However, Morgan et al. (27) , using similar equipment, were unable to observe motility in sperm. h our current work, we are adjusting the motility conditions using an environmental chamber fitted to a light microscope. Only when this modification is compIeted wiU it be possibIe to dio tinguish adverse environmental conditions from radiation damage as causes for stoppage of cell motility.
Many interesting biological applications can be foreseen if it turns out that some motile functions of cells can be observed in the electron microscope (see Table 1 ). The slide type chamber shown in Fig. 6 In examining several types o-f cells (human white cells, 3T3 mouse fibroblasts), what appear to be gas bubbles forming in the cytoplasm were observed (Fig. 1 1) . Presumably these arise when the pressure inside the hydration chamber is lowered from 760 torr to between 25 and 47 torr. The hydration chamber, therefore, appears to be useful in studying the earliest changes of formation of gas bubbles in both cells and thin plasma layers in relation to problems of decompression (diver's "bends"). Vacuolar structures have been observed with the light microscope on the decompression of Tetrahymena pyriformis (46) and amoeba (47), but the delay of some minutes in their -formation led to the assumption that they were liquid-filled vesicles rather than gas bubbles. Light microscope studies of bubble formation in the small vessels of the hamster cheek pouch (48) So far, in our laboratory, we have been able to visualize several types of structures in whole wet, unstained, and unfixed cells (10). It has been possible to see inclusions in coliform bacteria, even though the cells were immersed in a thick layer of water (Fig. 7) . In preparations where both the cells and the water are thinly spread, individual organelles such as mitochondria, other vesicles, and chromatin in the nucleus can be seen (Figs. 8 and 9 ). In other micrographs we have seen several kinds of structures not visible in the light microscope; these include fine peripheral processes less than 1000 angstroms in diameter and filamentous structures in the cytoplasm (possibly bundles of microtubules). The contrast and resolution of the wet cell electron micrographs so far obtained can undoubtedly be improved by refinement of the wet cell preparation methods, better application of dark field, and the use of techniques that reduce chromatic aberration (high-voltage, scanning transmission image mode, and the addition of an energy filter to remove inelastic scatter). Such refinements are in progress in the Roswell Park Memorial In- The ultimate achievable resolution for wet objects in an environmental chamber will gradually become clear experimentally. Resolution is mainly a function of gas path, liquid and wet specimen thickness, specimen stage stability, acceleration voltage, and image mode (fixed or scanning beam) (13).
Much depends on the development of the technique for controlling the thickness of extraneous water film molecules. Moreover, by subjecting diffraction patterns to image-iterative techniques (56), it will be possible to phase the electron diffraction patterns to give a calculated image with a higher resolution than that which can be produced by electron microscope objective lenses.
Environmental chambers offer exciting prospects for the determination of water structure and water and ice nucleation (atmospheric science). Nucleation data near the molecular level have been badly needed for some time.
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